Space based optical instruments are evolving toward larger apertures and requiring higher sensitivity at longer wavelengths. Instruments that collect light at wavelengths longer than about 15 microns often use Potassium Bromide (KBr) as part of the optical system. Since KBr has rather poor mechanical properties, many engineers have been hesitant to design instruments with KBr optics larger than a few centimeters. This problem is made more difficult by the fact that sensors in these longer wavelengths are often operated at cryogenic temperatures to minimize self-emission. The overall objective of this effort was to examine methods of mounting KBr optics to improve their vibrational, optical, and thermal characteristics. A legacy KBr mount is examined and revised to increase its robustness and scalability. Using finite element models and dynamic testing, the limits of the current design was explored. An alternative design using a bonded support was investigated. A new thermally engineered composite material (TECMat) was developed that appears to match the thermal expansion of KBr over a wide temperature range. TECMat's general properties and possible methods of implementing it in optical mounts are described.
INTRODUCTION
A beamsplitting assembly used in an interferometeric instrument consists of two plates and a support structure. The inside surface of one the two plates is an reflective surface. This surface is used to split and recombine incoming light. The reflective surface's position, flatness, and stability are critical. Beamsplitters have three primary challenges that make mounting them difficult. First, a KBr beamsplitter is quite fragile, with a yield strength of approximately 1.1 MPa (160 psi), which is about 0.4% of the strength of a 6061 T6 aluminum alloy. Second, deformation of the surface must be kept small to allow the light to pass though the beamsplitter without unacceptable distortion. This is a challenge because to survive a harsh launch environment, a tightly clamped mounting system is often needed. However, these clamping loads can easily cause excessive surface distortion. The third design challenge is the mismatch in the thermal expansion between the KBr and the telescope material, which is typically aluminum. This third challenge usually has the largest influence on cryogenic beamsplitter design.
PHYSICAL SYSTEM: SPRING MOUNTING
Cryogenic beamsplitter mounting has been typically accomplished using some kind of spring loaded (or flexure) mounts. The springs press on pads to hold the KBr plates against fixed mounting points. The required spring preloads are determined by calculating the maximum accelerations that will act on the beamsplitter assembly, then using a static analysis to determine the required force to keep the plates in place. This low stiffness spring system allows different contraction rates with a small change in stress levels as the system is cooled. The beamsplitter is mounted in the axial direction by three, opposed, spring-loaded, aluminum pads. Mounting in the radial direction consists of four contact points. A single coil spring applies a load to the spring bar assembly. The spring bar is used to distribute the load equally to the two contact pads in a radial loading direction.
Teflon shim stock was used at each contact point to protect the KBr surface from damage by the aluminum pads. The low friction Teflon shims also allow the KBr move relative to the aluminum frame, minimizing thermally induced distortion.
FINITE ELEMENT MODELING
It was desired to examine the ability of a typical beamsplitter support design to be scaled to a larger size. The SPIRIT III instrument from the Midcourse Space Experiment (MSX) mission was chosen as the baseline beamsplitter design. It is a flight proven system. The SPIRIT III beamsplitter allows for a 6.35 cm (2.5 inch) aperture with a total lens diameter of 9.9 cm (3.9 inches). It is flat and has a thickness of 1.14 cm (0.45 inches) and is made ofKBr. A compensator lens ofthe same dimensions is also included and will be considered as part ofthe beamsplitter.
Larger scale models of the baseline design were created to allow studying the effects in beamsplitter enlargement. These scale models also make verification ofthe finite-element model more complete by having more than one system to compare analytical results with measured data. Scales of 130% and 160% of the baseline model were created. The largest model is designed to allow for a 10 cm (4 inch) aperture. The largest model's beamsplitter has a 15.9 cm (6.24 inch) diameter and is 1.8 cm (0.72 inches) thick. The mid-scale model is 1.5 cm (0.59 inches) thick with a diameter of 12.9 cm (5.07 inches). Most ofthe dimensions ofthe components were simply enlarged by multiplying by the appropriate scale factor. Components such as bolts and springs were sized as close as possible to the scaled dimensions using standard sized items. This linear scaling results in the beamsplitter volume, weight, and stifihess increasing as the cube of scaling factor.
Finite-element models were constructed for all three scales. The models were designed to predict stresses, deformations, and vibration modes.
Static analysis results
Static analyses ofthe finite element models were conducted to examine the deflections and stresses due to initial spring loads. Additionally, these models can also simulate temperature changes and thermally induced distortions. Initial spring loads were sufficient to keep the beamsplitter plates seated under a 12 g load. The maximum stresses predicted by the finiteelement model 0.35 MPa (50.6 psi), 0.46 MPa (67.3 psi), and 0.57 MPa (82.3 psi) for the baseline, 130%, and 160% scale models, respectively. These stresses are below the 1.1 MPa (160-psi) yield strength of KBr.
The model predicts that the static loads do not cause significant stresses in the critical area ofthe KBr plates. Of greater concern is surface distortion induced by the loads. Table 1 shows the distortions created by the compressive preloads. It does not consider bending produced by misalignment ofthe pads or dimensional uncertainty. Ifthe pads are slightly misaligned or loaded unevenly, a bending moment is created. This bending effect is an order of magnitude larger than the predicted compression effects and extends across the entire beamsplitter surface.
Dynamic analysis results
Early in the modeling process it was confirmed that the spring bar had the lowest natural frequency of any component in the beamsplitter mounting. It was replaced with a radial pad that seated against a flat cut into the KBr plates as shown in Figure  2 . With this improvement in the beamsplitter mount, the model showed that the KBr plates are the components with the lowest predicted natural frequency as shown in Table II . 
Test Articles
In order to verify the accuracy of the finite element models of the beamsplitter, three test fixtures were made and instrumented. 
Static Testing
To validate the static models, the deflection of the KBr surfaces under initial spring loads were measured optically using a commercial Zygo interferometer. A surface deflection measurement was taken at a low preload level and used as a baseline. The baseline was subtracted from the measurements. The resulting deformation shown in this paper is the surface deflection produced from change in load from the baseline level.
I Figure 2 Modifications to the design. The radial spring bars were replaced with spring loaded pads that seat against a flat on the edge ofthe beamsplitter.
Figures 4a,4b,4c Surface distortion contours of the small beamsplitter surface for increasing preloads. The axial pads are visible in the pictures as three dark rectangles. The gray gradient represents surface distortion. The radial preload on the window is small and is held constant in all the measurements. The results above represent preloads for acceleration levels of 5g, 1 ig, and 16g respectively.
It can be seen from Figure 4 that the localized compression effects predicted by the finite model are secondary. The beamsplitter surface is bending into a saddle shape, a compound curve that was predicted to result from pad misalignment or uneven loading. The surface deformation due to these preload forces is elastic. The surface returned to its original shape after the preload was removed. 
Dynamic Testing
The three beamsplitter mountings were tested at various levels ofvibration. The acceleration shown is from an accelerometer placed in the center ofthe beamsplitter plate. Through out the series ofshake tests there was no fracture damage to the KBr windows. The first shake was a low level sine sweep from 10-2000 Hz to determine the resonant frequencies ofthe beamsplitter fixture. The lowest resonant frequency determines the stifthess of the structure. The beamsplitter fixtures were then shaken in a series of increasing sine acceleration tests starting at 3g and increased to the maximum levels show in Table III . The sine acceleration tests swept through frequencies from 10-200 Hz. The final tests were a random vibration series with magnitudes as shown on Table III . The power spectrum distribution for the random tests was taken from the NASA TIMED and TES flight specifications. Figure 7 Preshake interference pattern vs. post shake interference pattern. Some false fringes are generated by internal interference problems on the post shake figure.
After the shake test series the surface deformation ofeach beamsplitter was measured. It was discovered that all of the beamsplitters had plastically deformed under the inertial loading produced by the vibrational tests. The smaller interference patterns and internal reflectance problems didn't allow the Zygo Interferometer to make meaningful measurements of the surface profile. The figure above shows the change in interference pattern after the shake tests for the large beamsplitter fixture. The evenly spaced, thick, parallel lines of the preshake interference pattern indicate that the surface is relatively flat. The thin curved lines of the post shake interference pattern show that there is significant surface deformation with a maxim or minimum deformation occurring approximately at the center of the picture. The image on the right shows that the surface under the pad was scuffed in vibrational testing during the highest level sine acceleration test. It is typical ofthe surface under the pads after the shake series. It shows slight scuffing but no major distortion. The pad imprint on the right is a result ofthe misalignment during the preload tests.
AN ALTERNATIVE APPROACH: BONDED MOUNTING
An alternative mounting was tested using a material that has a thermal coefficient of expansion that is very closely matched to KBr. Since the coefficients ofexpansion ofthe two materials are similar and the mounting area could be large, the differential mounting stresses and surface distortions were minimized. The bonded beamsplitter design allows for significantly lower mass. This design would produce high natural frequencies and low stresses during g loads. Flexures would be incorporated into the mounting to allow for a mismatch in the thermal expansion between the beamsplitter and the telescope materials. The major challenge with this approach is to find a material with a matching thermal expansion. The coefficient of expansion match needs to be very close over the temperature range of interest. Otherwise, thermally induced stresses would be large.
A controlled coefficient ofexpansion material was designed to match the thermal expansion ofKBr by finding a space qualified matrix and altering its properties by the addition of a fill material. An adhesive epoxy was selected as a matrix material. Powdered silica was chosen as the fiber material. Applying the "rule of mixtures" to the matrix and the fiber predicted that the volume percent of silica required to match the CTE of KBr was about 12 to 13 percent. The resulting composite was named Thermally Engineered Composite Material (TECMat).
The potassium bromide window is the disk in the center. The TECMat was bonded to the beamsplitter, creating hard points at four locations on the perimeter. The center of each flexure is bonded to the TECMat hard point and both ends ofthe flexure are bonded to the frame. The hourglass shape ofthe TECMat hard points was chosen to minimize the transmission of stress from the TECMat/Aluminum bond to the TECMatJKBr bond. Both the flexures and the frame are 6061 T6 aluminum.
The strength ofthe KBr/TECMat bond was tested at 77K and found to be approximately 1.4 MPa (200 psi). This exceeds the 1 . 1 MPa (160 psi) yield strength ofthe KBr. It was felt that 1 .4 MPa (200 psi) was an acceptable bond strength for a demonstration ofa thermal match. TECMat's ultimate tensile strength at room temperature was found to be greater than 27.6 MPa (4000 psi). Its thermal conductivity was estimated at 0.38 W/m-K.
After the beamsplitter had been exposed 77K immersion, vibrational tests were conducted at room temperature with the axis of motion perpendicular to the optical surface of the beamsplitter. A low level sine sweep showed that first three modes of vibration were 825 Hz, 880 Hz, and 1200 Hz. Sine acceleration tests conducted from 10-200 Hz at 6g. There was no resulting damage to the beamsplitter.
6. DISCUSSION
Spring Mounting
Modeling the surface distortion was very difficult. The predicted compression effects assumed a nearly ideal mounting and were negligible compared to the bending distortion. Small deviations in manufacturing and assembly such as pad misalignments and dimensional irregularities were difficult to quantif', but had large effects on the surface distortion. These uncertainties make it difficult to determine the performance of a beamsplitter mounting until it is manufactured and tested.
The finite element modeling accurately predicted the natural frequencies of the beamsplitter fixtures and the plates. Significant improvements over the baseline design were made based on the fmite element results. The low resonant Figure 6 Photograph of the bonded KBr beamsplitter prototype.
frequency ofthe radial spring bar was predicted. It was replaced with a pressure pad similar to the axial pads, which improved the mount so that the KBr window material became the limiting factor.
The finite element model provided valuable insight to the modified beamsplitter fixtures. The small beamsplitter mount had a resonant frequency significantly lower than the predicted frequency ofthe KBr window. This could indicate that the design was limited by the structure surrounding the beamsplitter and not the KBr window. The medium and large mounts had resonant frequencies that very closely corresponded to the predicted values, indicating that the mounts had been optimized and the design was limited by the material properties ofthe KBr window.
The surface deformation produced by the preloads showed the dependence ofthe surface distortion on the mount. The relationship between surface distortion and the applied load appeared to be linear.
Vibrational testing showed that at room temperature, KBr is a tough, flexible material. Well mounted, warm KBr windows do not fracture easily, but inertial load from high g environments can cause them to plastically deform.
At cryogenic temperatures KBr exhibits brittle characteristics including: Increased sensitivity to stress risers (nicks, scratches, crystal flaws), increased modulus, and fractures cleanly along crystalline planes. At low temperatures the beamsplitter failure would probably in brittle fracture, not plastic deformation.
Bonded Mounting
The bonded beamsplitter design has several advantages. It eliminates the area needed on the surface ofthe beamsplitter for the axial pads, resulting a larger useable aperture. The stress at the TECMat/KBr bond is low, which increases strength of the mount. The bonded beamsplitter design reduces the total mass ofthe assembly.
However, the design and manufacturing ofthe bonded beamsplitter mounting are immature. Making a reproducible, robust design would take a large investment oftime and resources. Integrating the bonded beamsplitter mount into existing and planned cryogenic instruments would require some redesign.
Ifthe future implementation ofthe bonded design is proven to be mechanically and thermally sound, several optical challenges must be addressed. In the proven flight design, the beamsplitter is pressed against lapped surfaces, which allows its location to be precisely determined. In the TECMat beamsplitter design, the arms may warp slightly during the cool-down process. This may add an additional element ofuncertainty in the optical performance ofthe instrument.
CONCLUSION
The trend toward increasing the bandwidth and sensitivity ofremote sensing instruments will result in more frequent use of larger and longer wavelength optical materials, such as Potassium Bromide. Longer lifetime requirements and higher temperature focal plane arrays will make cryocoolers are a more attractive alternative to cryostats. The results ofthis paper can be readily applied to cryocooled instruments that launch at ambient temperatures.
For large beamsplitters in higher vibration environments the spring force required to hold KBr doesn't necessarily distort the critical surface excessively. A design ofthe beamsplitter mount that minimizes the misalignment and bending forces will allow much larger and more robust KBr windows to be used.
The fundamental limit of all mounting techniques for KBr is bounded by its material properties. In high acceleration environments the inertial forces will distort the beamsplitter surface, regardless ofthe mounting technique.
The TECMat development process produced a material that closely matches the CTE ofKBr over the design temperature range. The rule of mixtures accurately predicted the composite mixture ratio. TECMat performed consistently in all thermal tests and demonstrated a cryogenic bond strength that exceeded the yield strength of the KBr window. The TECMat design and modeling are significant advances in KBr beamsplitter design technology. 
